The DNA-binding protein CTCF, which acts as a chromatin 'insulator', regulates imprinting of the mammalian Igf2 and H19 genes in a methylation-sensitive manner. It has now been shown that CTCF is also required for protection against de novo methylation of the differentially methylated domain of H19 in the female germline.
results we can conclude, not only that CTCF binding is sensitive to methylation, but that methylation itself is dependent on CTCF binding.
Fedoriw et al. [6] have now taken this one stage further by removing CTCF from the equation altogether. Using an approach based on RNA interference (RNAi) in transgenic mice, they selectively ablated CTCF expression in the oocyte and found increased methylation in the H19 DMD associated with substantial loss of CTCF protein. Their results indicate that CTCF is required for establishment, as well as maintenance, of differential methylation and imprinting of H19. They also noted that CTCF-deficient oocytes have decreased developmental competence, suggesting that CTCF is important for normal preimplantation development.
These recent studies [3] [4] [5] [6] clearly show that CTCF is important for the regulation of differential methylation, as well as imprinted expression of the Igf2-H19 region. However, Schoenherr et al. [4] found that, when the CTCF binding sites in the H19 DMD were mutated, methylation at that DMD remained unchanged in oocytes and early blastocysts. This is contrary to the findings of Fedoriw et al. [6] who found that oocytes gain methylation when CTCF is downregulated by RNAi. The implication is that CTCF regulates H19 DMD methylation by different mechanisms in germline and somatic lineages.
The challenge now is to work out what the results from these two different approaches tell us about CTCF and the boundary element at the H19 DMD. While one approach investigated the effects of CTCF binding specifically to the H19 DMD, the other investigated the wider role of CTCF in the oocyte genome. It appears that CTCF binding protects the DMD from de novo methylation in somatic cells by a direct mechanism, but the increase in methylation observed in CTCF-deficient oocytes may reflect another function of CTCF and boundaries.
Insulators or boundary elements are DNA sequences that act as neutral barriers against the influence of neighbouring elements and separate the genome into independent functional domains [7] . Their main functions are preventing external enhancers from accessing a locus and blocking spread of inactive chromatin [8] . A popular theory is that such mechanisms involve higherorder chromatin structures which enable CTCF boundary elements to interact so as to form loop domains [9, 10] . Other studies have shown that CTCF can be associated with the so-called 'nuclear matrix', suggesting that it might be involved in nuclear organisation [11, 12] . The H19 DMD itself has been shown not to associate with the nuclear matrix [13] , but CTCF may still mediate matrix binding and long-range chromatin interactions in conjunction with known matrix attachment regions within the locus.
We have proposed that the imprinting of the Igf2-H19 region is maintained on the maternal allele by interaction between the H19 DMD and differentially methylated regions of Igf2, based on our observation that deletion of the H19 DMD leads to hierarchical methylation changes at the Igf2 differentially methylated regions [14] . We also showed that, while deletion of the entire H19 DMD protects against methylation of the maternal Igf2 allele in somatic cells, it has no effect on methylation in oocytes [14] . We found no evidence of CTCF binding to Igf2 in vivo (unpublished data), so the recent results discussed above [3] [4] [5] [6] suggest that CTCF binding at the H19 DMD may regulate chromatin structure of the whole domain, preventing methylation of the maternal chromosome.
These findings do not exclude the possibility that, instead of creating a loop, CTCF binding creates a barrier that prevents the spread of inactive chromatin and/or DNA methylation. The barrier and loop domain models -which are not necessarily mutually exclusive -could be tested by investigating methylation and chromatin changes in the different systems, to see if they occur uniformly throughout the locus or are localised at specific regulatory elements.
We must now consider the possibility that imprinting at H19 depends partly on higher-order chromatin structures, and that CTCF is a major component necessary for establishing these structures and therefore imprinting of the locus ( Figure 1B) . It is possible that the H19 DMD becomes methylated as a default state, as a result of intrinsic properties of the DMD sequence or surrounding region, and in the paternal germline methylation of the DMD occurs simply because CTCF does not bind. In the female germline and on the maternal chromosome in somatic cells, CTCF prevents this default methylation, presumably by excluding DNA methyltransferases from the locus. CTCF regulated higher-order structures could vary in different cell types; indeed, it has been shown that matrix attachment at the Igf2-H19 locus is tissue specific as well as parent-of-origin specific [13] .
If the higher-order chromatin structure in oocytes is different from that in somatic cells, additional protective mechanisms may be in place to maintain the chromatin 
